Abstract-We show here, for the first time, that a distributedfeedback (DFB) grating can act as a lateral-mode discriminator if located below the active region of a phase-locked antiguided array. Spatial-mode selection from such a lower-DFB (LDFB) grating in a resonant antiguided structure (ROW-LDFB) relies on the fact that the optical field distribution below the active region is strongly array-mode dependent. In particular, it is shown that at and near resonance a ROW-LDFB structure strongly favors resonant-mode oscillation, while suppressing oscillation of highorder modes. ROW-LDFB devices thus accomplish both spatialand frequency-mode selection in a single structure. Furthermore, for effective intermodal discrimination, there is no need for interelement loss or Talbot-type filters, thus eliminating all potential sources of self-pulsations.
T single-spatial-mode light sources is of fundamental importance to many optoelectronic applications. Fanout-type master-oscillator power-amplifier (MOPA) devices of the "broad-area" type have displayed watts of diffraction-limited, single-frequency power [ I] - [3] . However, broad-area MOPA devices possess inherent instabilities due to refractive-index variations induced by thermal gradients and injected carriers
[3]- [6] , and are highly sensitive to feedback [7] , thus raising issues of long-term stability and reliability. Therefore, there is a need for large-aperture devices with strong built-in index guiding.
Large-aperture phase-locked arrays of resonant antiguides (so-called ROW arrays) have demonstrated the unique ability tQ operate in-phase with stable, diffraction-limited beams to record-high pulsed and CW output powers [8], [9] . We have demonstrated [IO] the first simultaneous single-frequency and single-spatial-mode operation from resonant antiguided arrays employing distributed feedback (i.e., ROW-DFB arrays). A second-order DFB grating located above the active layer provided frequency discrimination, while InGaAs quantum wells within high-index GaAs interelement regions provided interelement loss for spatial-mode selectivity. However, it has been shown [ l l ] that interelement field could cause selfpulsations due to saturable absorption at high drive levels. One can avoid the need for interelement loss by using Talbot-type Manuscript received July 26, 1996 , revised September 19, 1996 This work was supported in part by the National Science Foundation under Grant ECS-9 522 035 The authors are with the Electncd Engineering Department, University of Wisconsin-Madison, 1415 Engineenng Dnve, Madison, WI 53706 USA.
Publisher Item Identifier S 1041-1 135(97)00582-X.
GaAs guide (0 I5 p)
GaAs substrate that the lower DFB preferen optical field in the element regions.
[ 131 and/or multimodin induced index gradients. Several attempts [15]-[17] to use DFB gratings for arraymode discrimination in phase-locked arrays have failed, since modes adjacent to the in-phase mode have phasefronts virtually identical to that of the in-phase mode. We show here, however, that a DFB grating can actually serve as a spatialmode selector in antiguided arrays if located below the active layer Spatial-mode discrimination from such ROW arrays with lower DFB gratings (ROW-LDFB) relies on the fact that the array mode which interacts strongest with the grating, and thus has preferential feedback, is the resonant mode.
ROW arrays have been previously analyzed [12] . A schematic representation of the structure studied here is shown in Fig. 1 . Optical confinement and the necessary gain are provided by a S thick InGaAsP confinement la InGaAs quantum wells that InGaAsP barrier. Upper are 1.5 p m thick. A sec with a tooth height of 1 cladding layer and s index) interelement regions are defined by 1500 index step between transverse element can easily see that the element field has a great with the grating layer compared to the interelement 1041-1135/97$10 00 0 1997 IEEE result, array modes with most field in the elements experience strongest optical feedback. Moreover, since the in-phase array mode is nearly resonant within 200-300 A of the longitudinal resonance [9] , the ability to simultaneously satisfy the lateral and longitudinal resonance conditions is not very sensitive to variations in grating period about the longitudinal resonance.
The grating geometry and its location were chosen such that the normalized coupling coefficients in the element and interelement regions, K,L and K~L , are M 3 and 0.5, respectively. I0-element, 350-pm-long devices are designed to operate near the in-phase mode resonance. Element widths of 3 pm are considered, while the interelement width, s, is varied to determine optimal discrimination between the inphase mode and competing modes. The normalized coupling coefficients in these two regions were determined using the method presented by Streifer et al. [I81 for sinusoidal gratings. A normalized overall coupling coefficient, KL, can then be constructed from where L is the device length; ne and 6% are element and interelement coupling coefficients, respectively; and r L is the fraction of the optical field residing in the element regions. T'L was determined by calculating the array-mode losses using the effective-index approximation [ 121 with and without interelement loss in each case. The amount of interelement field, and thus I'L, can then be determined by subtraction.
Although K L and rL are obtained by using a one dimensional (l-D) approximation, the trends in array-mode coupling to the grating for the more realistic two-dimensional (2-D) case [9] are expected to be similar. The determination of the coupling coefficient in (1) is an iterative process whereby one varies the transverse element or interelement structure and solves for the fundamental transverse modes, calculates element and interelement coupling coefficients, and determines an overall coupling coefficient until the desired value of K L is achieved.
K L is selected such that feedback due to the DFB grating will dominate Fabry-Perot contributions. We seek values within the range 1 < KL < 5, neglect facet reflectivities, and assume that the cavity length is an integral multiple of the grating period. Once the transverse structure is determined, the edge radiation loss, &ad, and the 2-D field overlap with the active layer(s), r2-= [19] , are numerically calculated as a function of s for the in-phase and competing modes.
Calculation of an effective mirror loss, 27, for the grating can be accomplished by considering the reflection gain [20] (2)
where K is the overall coupling coefficient, AB is the deviation of the propagation constant from the Bragg condition, and
For a given K. value, the longitudinal modes are characterized by pairs of y and A@ that yield infinite gain singularities in (2). Note that since K is spatial-modedependent from (l), so too is the effective mirror loss. The grating therefore acts as spatial-mode-dependent end-mirrors. and B M 4.5 cm/A is the gain coefficient. In (3), the internal cavity loss is assumed to be negligible.
For the structure described in Fig. 1 , the normalized overall coupling coefficients were calculated for in-phase mode m = 18 (see [12] ), adjacent modes 17 and 19, and out-of-phase modes 9 and 27 to be: 4.11, 1.91, 4.08, 2.34, and 3.41, respectively. K L for the in-phase mode 18 was not found to be a strong function of s. The range of s considered here is from 1.40-1.78 pm, while the in-phase mode resonance occurs for s = 1.5 pm.
To determine the effect of the lower grating, thresholdcurrent densities of the competing modes, &,m, were calculated as a function of the interelement width, s, (Fig. 2) for arrays employing only Fabry-Perot cavities (ROW-FP) for which mirror reflectivities are assumed to be RI = Rz = 0.29.
It is clear that out-of-phase mode 9 is favored to lase for most of the range in s, despite the fact that the in-phase mode has the highest r2-~ value of all modes at and near its resonance [19] . That is, the difference in edge radiation losses between modes overcomes their difference in r2.D to favor lasing of the outof-phase mode 9. This fact becomes clear by plotting Qrad,m versus s (Fig. 3) . Compared to the in-phase mode, a r a d is negligible for mode 9 over the entire range in s, while Orad for adjacent mode 17 is relatively low at and above resonance, as expected from [12] . The conclusion to be drawn from Figs. 2 and 3 is that the modal edge radiation loss, Qlrad,mr is the dominant spatial-mode discriminator for 10-element ROW-FP structures, resulting in lasing of the out-of-phase mode 9 over a wide range in s. (In conventional 10-element ROW-FP devices, mode 9 is suppressed by using interelement loss and/or Talbot-type spatial filters [12] .)
For ROW-LDFB arrays, f&d,m (Fig. 3) and r 2 -D closely resemble the behavior of ROW-FP devices. The array-modedependent interaction with the lower grating, which favors array modes with significant field in the element regions, counteracts the radiation loss role as a spatial-mode discriminator
